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The Potential Role of Selenoproteins in Modulating Malaria Parasite Resistance to Artemisinin-Based Combination Therapies (ACTs) in Africa 
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ABSTRACT
	This review synthesises current knowledge on the structure, function, and expression of Plasmodium falciparum selenoproteins, focusing on thioredoxin reductase (PfTrxR), and their role in mitigating artemisinin-induced oxidative damage. Resistance to artemisinin-based combination therapies (ACTs), the cornerstone of malaria treatment, threatens global health, particularly in Africa, where Plasmodium falciparum predominates. Although mechanisms of artemisinin resistance remain incompletely elucidated, selenoproteins, critical for redox homeostasis, are implicated in parasite survival under drug-induced oxidative stress. Integrating molecular, biochemical, and clinical data, we highlight that targeting selenoproteins, which differ structurally from human counterparts, is a promising strategy to overcome ACT resistance. Proposed therapeutic approaches, such as selective inhibitors like auranofin, could enhance ACT efficacy by disrupting parasite redox balance. This approach holds significant potential for improving malaria treatment outcomes in endemic regions, addressing a critical public health challenge.  



Keywords: Selenoproteins; Artemisinin resistance; Plasmodium falciparum; Thioredoxin reductase (PfTrxR); Redox homeostasis.
1. INTRODUCTION 
Malaria, caused by Plasmodium falciparum, remains a major public health challenge in sub-Saharan Africa, accounting for over 90% of global cases (approximately 249 million) and deaths (608,000) in 2023 (World Health Organization, 2023). Nigeria alone contributes 27% of cases (68 million) and 31% of deaths (189,000), driven by socioeconomic disparities, limited healthcare access, and environmental factors (Okon et al., 2022). Vulnerable populations, including children under five and pregnant women, face severe outcomes such as anemia, cognitive impairment, and increased maternal mortality (Ashley et al., 2014). Artemisinin-based combination therapies (ACTs), combining artemisinin derivatives with partner drugs (e.g., lumefantrine, piperaquine), have reduced malaria morbidity and mortality significantly (Tse et al., 2019). In Nigeria, artemether-lumefantrine is the primary ACT, contributing to recent declines in malaria burden (World Health Organization, 2023). 
However, the emergence of ACT resistance threatens these gains. Resistance to partner drugs, such as lumefantrine, has been reported in Angola and Uganda (Tumwebaze et al., 2021), while artemisinin resistance, characterized by delayed parasite clearance, is associated with mutations in the kelch13 (K13) gene (e.g., R561H, C469Y) in East Africa (Balikagala et al., 2021; Uwimana et al., 2020). Although clinical resistance affects only 1–5% of infections in focal areas, its potential spread could mirror the devastating impact of chloroquine resistance, which emerged in Southeast Asia in the 1950s and spread to Africa, causing millions of deaths (Murray et al., 2012). Table 1 summarizes key kelch13 mutations. 
Artemisinin induces oxidative stress through reactive oxygen species (ROS), damaging parasite biomolecules (Kavishe et al., 2017). Plasmodium falciparum counters this stress via antioxidant systems, including selenoproteins like thioredoxin reductase (PfTrxR), which maintain redox homeostasis (Lobanov et al., 2006). Host nutritional status, including deficiencies in selenium and essential amino acids, may modulate parasite redox balance and drug efficacy (Conroy et al., 2022). This review examines the role of selenoproteins in ACT resistance, integrating molecular and epidemiological insights to propose novel therapeutic strategies. 
Table 1; Key kelch13 Mutations Associated with Artemisinin Resistance in Africa. 
	Allele
	Region
	Prevalence
	Reference

	R561H
	Rwanda, Uganda
	1 – 5%
	Uwimana et al., 2020

	C469Y
	East Africa
	<5%
	Balikagala et al., 2021

	A675V
	East Africa
	<5%
	Roberts, 2013

	C580Y
	Limited in Africa
	Rare
	Miotto et al., 2020


2. SELENOPROTEINS IN PLASMODIUM FALCIPARUM
2.1 STRUCTURE AND CHEMISTRY
Selenoproteins, characterized by the incorporation of selenocysteine (Sec, the 21st amino acid), are critical for redox homeostasis due to their high catalytic efficiency, driven by the low redox potential (-0.38 V for Sec vs. -0.27 V for cysteine) (Labunskyy et al., 2014). In Plasmodium falciparum, four selenoproteins have been identified: thioredoxin reductase (PfTrxR), selenoprotein T, selenophosphate synthetase, and glutathione peroxidase-like proteins (Lobanov et al., 2006). PfTrxR, a homodimeric flavoenzyme, contains a selenocysteine residue in its C-terminal redox-active site (Cys-Sec-Gly), which facilitates electron transfer from NADPH to thioredoxin, detoxifying peroxides and repairing oxidatively damaged proteins (Müller, 2004). Figure 1 illustrates the PfTrxR’s active site, highlighting the selenocysteine’s nucleophilic selenium atom, which enhances its reactivity compared to human analogs (Zhang et al., 2020). The parasite’s reliance on selenium, sourced from the host, underscores the importance of host nutritional status in selenoprotein function. 
2.2 DIFFERENCES BETWEEN PLASMODIUM FALCIPARUM AND HUMAN SELENOPROTEINS
Selenoproteins in Plasmodium falciparum differ significantly from human counterparts, offering opportunities for selective drug targeting. While human selenoproteomes comprise 25 selenoproteins, including thioredoxin reductases (TrxR1, TrxR2) and glutathione peroxidases, Plasmodium falciparum expresses only four, reflecting a streamlined redox system adapted to its parasitic lifestyle (Lobanov et al., 2006; Zhang et al., 2021). Key differences include: 
· Structural Divergence: PfTrxR’s active site (Cys-Sec-Gly) lacks the extended C-terminal tail found in human TrxR1, reducing steric hindrance and altering substrate specificity (Zhang et al., 2010). 
· Selenocysteine Incorporation: Plasmodium falciparum uses a unique tRNA[Ser]Sec and selenophosphate synthetase, distinct from human SECIS elements, affecting selenoprotein synthesis efficiency (Novoselov et al., 2002). 
· Functional Specialization: PfTrxR primarily detoxifies peroxides in the parasite’s food vacuole, whereas human TrxRs have broader roles in cellular signaling and apoptosis (Labunskyy et al., 2014). These differences enable the design of inhibitors like auranofin, which preferentially target PfTrxR’s selenocysteine without affecting human enzymes, minimizing host toxicity (Sannella et al., 2008; Rashidi et al., 2022).

2.3 ROLE IN OXIDATIVE STRESS RESPONSE
Artemisinin generates ROS, disrupting parasite protein function and membrane integrity (Gopalakrishnan & Kumar, 2015). Upregulation of PfTrxR in artemisinin-resistant strains suggests a compensatory mechanism to neutralize drug-induced oxidative stress (Wang et al., 2015). Transcriptomic studies reveal increased expression of redox-related genes in resistant isolates, supporting the role of selenoproteins in modulating drug response (Babbitt et al., 2012). Recent structural studies using cryo-EM and AlphaFold have elucidated PfTrxR’s dimer interface and selenocysteine active site, revealing conformational changes under oxidative stress that enhance its catalytic activity (Zhang et al., 2024). 
Challenges in studying Plasmodium falciparum selenoproteins include its atypical codon usage and complex life cycle, which complicate functional validation. Advances in CRISPR-based gene editing and single-cell transcriptomics offer new tools to dissect selenoprotein regulation (Khan, 2016). For example, CRISPR knockout of PfTrxR in resistant strains could clarify its role in ACT efficacy (Novoselov et al., 2002). 
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Figure 1: Structure and Chemistry of PfTrxR.
The dimeric Plasmodium falciparum thioredoxin reductase (TrxR) features two subunits each with an FAD cofactor, where one subunit's N-terminal redox disulfide (C88–C93) is modulated by residues (H509, E514) from the other, and each monomer binds its Trx substrate via an intermolecular disulfide (TrxR C540 to Trx C30), with unique Plasmodium insertions (H438–S452 and G536–K539) contributing to its specific structure. Adapted from McCarty et al. (2015).
3. MECHANISMS OF ACT RESISTANCE
3.1 GENETIC AND EPIGENETIC FACTORS
[bookmark: _GoBack]ACT resistance is primarily associated with kelch13 mutations, such as C580Y, which disrupt hemoglobin endocytosis, reducing artemisinin activation (Birnbaum et al., 2020). In Africa, alleles like A578S are prevalent but lack in vivo resistance phenotypes (Ménard et al., 2016). Resistance to partner drugs involves gene amplifications, such as pfmdr1 for mefloquine and plasmepsin II/III for piperaquine (Dondorp et al., 2009; Witkowski et al., 2017). Epigenetic modifications, including histone acetylation, may induce transient drug tolerance by altering stress response gene expression (Miotto et al., 2020). 
3.2 ROLE OF REDOX METABOLISM
Artemisinin’s efficacy relies on ROS-induced damage to parasite biomolecules (Rocamora et al., 2018). Selenoproteins, particularly PfTrxR, mitigate this stress, potentially reducing drug potency in resistant strains (Kavishe et al., 2017). Recent genomic studies using long-read sequencing have identified regulatory elements upstream of PfTrxR that enhance its expression in resistant isolates (Menichelli et al., 2021). 
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Figure 2: Proposed role of selenoproteins in ACT Resistance.
Artemisinin generates ROS, damaging parasite biomolecules. Selenoproteins, particularly PfTrxR, mitigate oxidative stress, potentially reducing drug efficacy in resistant strains. Targeting selenoproteins with inhibitors like auranofin may enhance ACT potency.      
4. SELENOPROTEINS AND ACT RESISTANCE
Selenoproteins are hypothesized to contribute to ACT resistance by enhancing the parasite’s antioxidant capacity (Kavishe et al., 2017). PfTrxR, critical for redox signaling and protein repair, is overexpressed in resistant strains, potentially reducing artemisinin’s oxidative damage (Wang et al., 2010). Selenium availability, influenced by host nutritional status, may modulate selenoprotein activity, as evidenced by increased glutathione peroxidase activity in selenium-supplemented malaria patients (Gamain et al., 1996). Recent proteomic analyses have identified post-translational modifications (e.g., selenylation) in PfTrxR that enhance its stability under drug pressure (Schwarzer & Skorokhod, 2024). However, the precise mechanisms linking selenoprotein regulation to resistance remain unclear, necessitating studies on gene expression dynamics under drug pressure (Lobanov et al., 2006). 
5. IMPLICATIONS AND FUTURE DIRECTIONS
5.1 THERAPEUTIC POTENTIAL OF TARGETING SELENOPROTEINS
Inhibiting selenoproteins offers a promising strategy to overcome ACT resistance. Auranofin, a thioredoxin reductase inhibitor, disrupts Plasmodium falciparum redox balance, enhancing oxidative stress and antimalarial efficacy (Sannella et al., 2008). Given structural differences between parasite and human selenoproteins, selective inhibitors targeting selenocysteine active sites could minimize host toxicity (Látrová et al., 2021). Recent advances in computational drug design, including AlphaFold-based virtual screening, have identified novel PfTrxR inhibitors with high specificity (Patel et al., 2024). Molecular modeling and high-resolution structural studies (e.g., cryo-EM) are critical for designing such inhibitors (Lobanov et al., 2006).
5.2 RESEARCH GAPS AND PRIORITIES
i. Functional Genomics: Use CRISPR to elucidate selenoprotein roles in oxidative stress and resistance (Novoselov et al., 2002). 
ii. Expression Dynamics: Conduct single-cell transcriptomic and proteomic profiling to assess selenoprotein regulation under artemisinin pressure (Gamain et al., 1996). 
iii. Structural Biology: Resolve Plasmodium falciparum selenoprotein structures using cryo-EM and X-ray crystallography to guide drug design (Zhang et al., 2024). 
iv. Preclinical Studies: Evaluate selenoprotein inhibitors in murine and primate models to establish therapeutic indices (Sannella et al., 2008).
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Figure 3: Proposed Research Framework
Integrating functional genomics, structural biology, and preclinical studies to target selenoproteins and combat ACT resistance.

6. [bookmark: _Hlk197682619][bookmark: _Hlk180402183][bookmark: _Hlk183680988]CONCLUSION 
This review underscores the emerging role of selenoproteins, particularly PfTrxR, in Plasmodium falciparum’s redox defense against artemisinin-induced oxidative stress. By enhancing antioxidant capacity, selenoproteins may contribute to ACT resistance, posing a threat to malaria control in Africa, where over 90% of global deaths occur (World Health Organization, 2023). Structural and functional differences between parasite and human selenoproteins position them as viable therapeutic targets. Selective inhibitors, informed by advanced structural and genomic techniques, could restore ACT efficacy. Future research should prioritize functional, structural, and epidemiological studies to validate selenoproteins as resistance mediators and therapeutic targets, paving the way for innovative strategies to achieve malaria elimination in endemic regions. 
Disclaimer (Artificial intelligence): Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 
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